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Abstract 

In year 2002 the High Flux Isotope Reactor (HFIR) will be fitted with a source of cold neutrons 
to upgrade and expand its existing neutron scattering facilities. The in-reactor components of the 
new source consist of a moderator vessel containing supercritical hydrogen gas moderator at a 
temperature of 20K and pressure of 15 bar, and a surrounding vacuum vessel. They will be 
installed in an enlarged beam tube located at the site of the present horizontal beam tube, HB-4; 
which terminates within the reactor’s beryllium reflector. These components must withstand 
exceptional service conditions. This report describes the reasons and factors underlying the choice 
of 606 1 -T6 aluminum alloy for construction of the in-reactor components. The overwhelming 
considerations are the need to minimize generation of nuclear heat and to remove that heat 
through the flowing moderator, and to achieve a minimum service life of about 8 years coincident 
with the replacement schedule for the beryllium reflector. 6061-T6 aluminum alloy offers the best 
combination of low nuclear heating, high thermal conductivity, good fabricability, compatibility 
with hydrogen, superior cryogenic properties, and a well-established history of satisfactory 
performance in nuclear environments. These features are documented herein. An assessment is 
given of the expected performance of each component of the cold source. 

i 
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1.0 Introduction 
K. Parke11 

A source of cold neutrons [l] has been designed for installation inside the horizontal beam tube 
HB-4 of the High Flux Isotope Reactor in year 2002. The construction materials for the in-reactor 
components of the cold source are required to deliver unprecedented levels of performance. The 
cold source will provide a cold neutron flux of 2 xl Or* n.m-2.s-1 with wavelengths of 0.2 to 1.2 nm 
at a reactor power level of 100 MW. This exceptionally high intensity of cold neutrons will be 
produced in a very small volume,O.fi L, of moderator, this size being dictated by the confines of 
the’HB-4 beam tube not by optimum volume/output considerations. Accommodating the nuclear 
heating load with such a small volume of moderator is a major challenge, and will be met by using 
a moderator of supercritical hydrogen gas at a pressure of 14-15 bar and a flow rate of 1 L/s. The 
high pressure is needed to keep the hydrogen in a supercritical state, and because of the small size 
of the moderator vessel the pressure stresses on its walls will be uniquely high. The pressure will 
prevail even when the system is at reactor ambient temperature. Since the vessel material will be 
weaker at reactor ambient temperature than at cryogenic temperature, the vessel walls must be 
designed with stronger materials or thicker wall sections to withstand the pressure at ambient 
temperature. A thicker wall section will elicit more nuclear heating, which is not desirable. The 
HFIR cold source has a long goal lifetime during which it will suffer a greater neutron exposure 
than any current cold neutron source. It must tolerate such exposure without the assurances and 
guidance of test. specimen surveillance programs or regular in-situ visual inspections. Such 
assurance schemes will not be possible because access for inspection is denied by the location of 
the source inside the beam tube, and there is insufficient room in the source for surveillance test 
pieces. Even if test pieces were included it would not be practical to retrieve and test them at the 
cryogenic temperature of 20K. Testing at room temperature would yield inappropriate data 
because of thermal annealing of radiation damage at room temperature. The design of the source 
is such that it would be extremely difficult, if not impossible, to remotely disassemble it for 
inspection purposes then reassemble and reinsert it. Once a source is removed from the reactor it 
will be most convenient to replace it with a ready-assembled new beam tube and source s 
combination. It is intended that such renewals will be scheduled to coincide with replacement of 
the HFIR permanent beryllium reflector every 8-12 years. This schedule mandates a minimum 
service life of 8 years for the in-reactor portions of the cold source. During that period the 
neutron fluences at the moderator vessel are estimated to reach levels of order 5 x 1O25 n.mm2 (E>l 
MeV) and 1.5 x 10” n.m-’ (thermal). Such exposures have never been attained in any existing 
cold neutron source. 

This report describes the philosophy underlying the materials selection process to meet these 
demanding service conditions, and the expected responses of the materials to those demands. 
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2.0 Description of the Cold Source’ 
The complete cold neutron source system comprises a complex arrangement of piping, pumps, 
refrigerators, storage tanks, a heat exchanger, and associated controls and instrumentation, all of 
which are located outside the reactor, and a relatively small subset of components that will reside 
inside the reactor in the permanent portion of the beryllium reflector. That subset is the essence of 
the cold neutron source, and the materials of its construction are the subject of this report. The 
subset components consist of the cylindrical HIS-4 beam tube and an enclosed, axially symmetric 
vacuum vessel, or tube, containing the moderator vessel and the hydrogen feed and discharge 
pipes to the vessel, arranged as shown in the plan view in Fig. 1. 

* 

f 

Vcy.cum tube 
I Moderator vessel / 

i . 

Fig. I. The HB-4 beam tube/cold source module. 

In side view, the beam tube is horizontal and the moderator vessel is supported as a cantilever by 
the hydrogen pipes. A sketch of the cup-shaped moderator vessel at three-quarters of actual size, 
with a quarter section cut away to reveal the interior, is presented in Fig. 2. The100 mm diameter 
vessel will have an active moderator volume of 0.5 liter. The small size and unique shape of the 
vessel are prescribed by the constraints of the beam tube into which it is retrofitted, and by fluid 
dynamics considerations. 

Cold neutrons from the moderator in the vessel will pass along the vacuum tube to the scattering 
instruments in the beam hall. The vacuum tube spatially isolates and thermally insulates the 
moderator vessel and its hydrogen lines from the much warmer, water-cooled beam tube. 
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Girth weld 

Fig. 2. The moderator vessel. 

Continuous monitoring of the vacuum exhaust permits prompt detection of any hydrogen leakage 
from the moderator vessel and feed lines. The vacuum tube also provides a barrier to the invasion 

of water to the cold moderator vessel in the event of water leakage through the beam tube, and it 
prevents the escape of hydrogen into the beam tube in the case of hydrogen leakage from the 
moderator vessel and its feed lines. To ensure good thermal conductance between the vacuum 
tube and the water-cooled beam tube, the vacuum tube is shrink-fitted into the beam tube and 
maintains permanent contact with it. A pattern of shallow grooves machined into the outer surface 
of the vacuum tube will allow entrainment of helium gas in the grooves, the pressure of which will 
be monitored to detect any significant leakage. Infrequent purging of the helium through a mass 
spectrometer is being considered as an additional check. 



s 

3.0 General Materials Considerations for Construction of a Cold Neutron Source 
Alexander [2] has prepared a list of materials used for the construction-of reactor-based cold 
neutron source moderator vessels world wide, and the list is updated in Table 1. It is no 
coincidence that most of the vessels are built from aluminum. Many accelerator-based cold 
neutron sources also utilize aluminum. Materials with the properties most desired for a cold 
source from the physics point of view are often not suitable for constructing a practical design or 
are incompatible with environmental considerations. A compromise must be sought. As we shall 
see, aluminum offers the most persuasive combination of physical properties and engineering 
properties for fabricating a cold source. Apart from some comments in Alexander’s review, the 
virtues and shortcomings of construction materials, not just the moderator vessel but also the 
vacuum jacket and other complementary components, have not been aired in depth in a single 
publication. This short introduction should help put the materials selection factors in perspective. 

The moderator vessel sees the most demanding service conditions of all the components of a cold 
neutron source. The most frequently considered candidate materials for cold source moderator 
vessels and their vacuum vessels are given in Table 2 [Ref. 3-5-J. The entries are listed in order of 
increasing physical density of the material, The density is a major factor in the generation of 
unwanted nuclear heat in the source. Other important parameters are the thermal conductivity 
which determines the rate of removal of the heat, and the thermal expansion coefficient which 
bears on the thermal stresses produced in the vessel. From a physics point of view, the priorities 
are low cross sections for neutron absorption and scattering to minimize losses of neutrons within 
the source, and low rates of nuclear heating to reduce the cooling requirements at the source. 
From the environmental, engineering, and manufacturing standpoints, the materials should be 
compatible with the moderator medium and with the reactor coolant under strongly ionizing and 
damaging conditions, should have satisfactory mechanical properties at cryogenic temperatures, 
and should be easily available, workable, machinable, and weldable. The final, and by no means 
the least, consideration is that the materials should be able to tolerate the special effects of 
neutron irradiation damage at cryogenic temperatures. A desirable, but not essential, requirement 
is a low level of radioactivation for ease of post-service handling and disposal. 

: 

A major challenge faced by all cold neutron sources is the heat deposited in the source by 
neutrons, gamma rays and beta particles. The bulk of this’nuclear heat is generated in the metallic 
construction materials of the moderator vessel and its immediate environs. Since a cold source 
vessel is isolated from its surroundings by a vacuum annulus to minimize heat conduction between 
them, the nuclear heat generated in the vessel,must be removed via the flowing, cooled 
moderator. Such heat removal imposes extra cooling demands on the refrigeration system that ’ 
services the moderator. The degree of nuclear heating scales with the mass and physical density of 
the vessel material, and with the neutron flux on the source, which controls the brightness of the 
source: Therefore, to minimize the twin burdens of heat generation and removal, the vessel should 
be constructed from a thin material of low density and high thermal conductivity. This is a prime 
consideration and it narrows the’ candidate materials field considerably to the lower density 
materials Mg, Be, C, and Al. The heavier weight materials in the Table, fi-om Ti through Ni, all of 
which have excellent mechanical properties at cryogenic temperatures and are easily fabricated, 
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are decidedly less, desirable because of their unfavorable combinations of high nuclear heating 
rates (high densities) and low thermal conductivities. Titanium and Zr also have unacceptable 
compatibility with hydrogen and deuterium, the commonest constituents of cold source 
moderators. Copper has excellent thermal conductivity but generates considerable nuclear heat. 
Ferritic steels and bee refractory metals are excluded from the Table because their inherent 
ductile-to-brittle transitions at low temperatures render them unacceptable for applications at 
20K; they are also degraded by hydrogen and deuterium, and they tend to be severely embrittled 
by irradiation. Even austenitic stainless steel, which is used in one low-power cold neutron source, 
invokes intolerable penalties if chosen for a high intensity source, as illustrated in the next section 
of this report. 

The preferred candidate field from the heating load perspective comprises the four light weight 
materials, Mg, Be, C, and Al, all of which have low neutron absorption cross sections, too. 
However, possession of these appealing physical attributes is an insufficient condition for 
manufacture of a satisfactory cold source vessel, and three of the lightweight materials can be 
dismissed forvarious practical reasons. Carbon, which has the most favorable physical properties, 
has the worst fabrication difficulties and service prospects. It has little ductility and can not be 
formed plastically. It can not be welded. It can be brazed but the response of such brazes joints 
under irradiation at low temperatures is unknown. The responses of carbon to irradiation at very 
low temperatures are unknown. Vessels can be made from carbon but the manufacturing routes 
are highly specialized. It tends to be permeable unless sealed with polymers which are unstable 
under irradiation. Its compatibility with hydrogen is poor. Graphitic carbon (and Be and Mg) has 
a non-isotropic crystal lattice which can invoke problems of non-uniform radiation growth and 
swelling and associated distortion. Graphite has a proclivity for accumulating radiation damage, 
and there have been instances where uncontrolled release of the stored energy of the damage has 
induced runaway temperatures, setting tire to the graphite. There are too many unknowns and 
unsuitable characteristics for carbon to be considered as a cold neutron source vessel material. 
Beryllium has fabrication difficulties, is susceptible to hydrogen embrittlement, is very brittle at 
cryogenic temperatures, and in large sections it tends to crack extensively during neutron 
irradiation due to the combined effects of residual stresses and large quantities of transmutation- 
produced helium and hydrogen. While such cracking in reactor reflectors does no.harm, it is 
decidedly not acceptable for a leak-tight cold sourtie vessel. Magnesium and its alloys have 
generally low strengths and low ductilities, and their ductilities are reduced to less than about 5% 
at low temperatures. It is not usually deployed under cryogenic conditions. Due to its hexagonal 
crystal structure, its mechanical properties are anisotropic. Under neutron irradiation at about 
60°C it undergoes anisotropic swelling and distorts severely [6], and its alloys have problems of 
phase instability. Its development for use in graphite reactors has been discontinued. Magnesium 
is also very prone to aqueous corrosion. Lest it be asked what relevance aqueous corrosion has to 
a cold source vessel, it is pointed out that there is a strong school of thought that the phenomenon 
of stress corrosion cracking in water involves absorption of hydrogen, causing hydrogen-assisted 
cracking. That being so, it is conceivable that materials with an established propensity for stress 
corrosion cracking might suffer such cracking whether the hydrogen is absorbed from water or 
from a hydrogen-rich cold source moderator. 
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Table 1. Reactor-Based Cold Neutron Sources and Their Construction Materials, After Alexander [2] 

Reactor 

HFR, ILL Grenoble 

HFBR, Brookhaven 

Orphee, Saclay 

FRJ2, Julich 

DR3, Riso 

FR2, Karlsruhe 

EL3, Saclay 

DLDO, Harwell 

Herald, Aldermaston 

RRl, Kyoto 

NBSR, NIST 

FRM-II, Munich 

Reactor Power 
WV 

57 

60 

14 

23 

10 

43 

17 

15 

5 

20 

20 

Thermal Neutron Moderator Moderator Vessel Comments 
Flux (n.m-z.s-l) Material 

6 x lo’* L-D, A5 Al (99.5% Al) Outer surface of moderator vessel is anodized to increase 

3 x 10’8 L-H,, subcooled 6061-T4A.l ’ 
emissivity. Vacuum jacket is Zircaloy -2. 

L-H, 

Vessel was heat treated to T4 temper after welding. 

3 x 10’8 A286 (Fe-26Ni-15Cr) 

1.2 x 10’S 30% L-H, + 70% 
L-D, 

Al-3Mg, F18 Vessel is electron beam welded. Vacuum jacket is Al-3Mg, 

7 x 10’7 H,, supercritical 
F18. 

Al-3Mg Lifetime exposure of the vessel is set at 4.5 x 1026n.m~2. 
Jacket is Al-3Mg. 

5 x 10’7 L-H, 

5 x 10’7 L-H, Al-3Mg 

4 x 1017 L-H, 
Ms 

1 x 10’7 L-H, + L-D, 5056 AI (Al-5Mg) Jacket is 5056 Al. 

L-H, 5052 Al (Al-2.5Mg) 

L-H, 6061 Al The first vessel was made from Mg alloy AZ3 1B. Welding 
problems prompted switch to 6061 aluminum welded with 
4043 Al. 

8 x lOr8 D2 6061-T6 Expected start-up in early 2001 .The vacuum jacket is 
Zircaloy-4. 



Table 2. Properties of Structural Materials for Cold Sources [3-51. 

Material Density 
(Mg.me3) 

1.74 26 0.063 3.6 

1.85 

2.2-2.6 

2.70 

12 

3 (graphite) 

23 

0.0095 

-0.0034 

0.23 

7.0 

4.8 

1.4 

Mg 155-170 B/C 
Magnox alloys 120 

Be 160-210 C 

C 130-170 C 

Al 200-238 (225) A 
Al-Mg (5000) 130 (22) A 
Al-Mg-Si (6000) 160 (21) A 

Ti 18-22 A 

Zr 23-24 A 
Zircaloy 17 A 

304 Stainless 16 (1.9) A 
steel 

Ni 88-92 A 
Ni alloys 10-20 A 

cu 400 A 

L = good or acceptable; = more diffic t or less acceptable; 
’ Response at room temperature or higher; responses at cryogenic temperatures are largely unknown. 

4.51 

6.50 

8.6 

5.9 

-6.0 

0.18 

4.0 

8.0 

7.9 

8.91 

16 

13 

-3.0 

4.6 

? 

17.5 

8.96 17 3.85 7.2 

Therm. Conduct. 
at 300K (and 

20K) 
(W.m-‘.K-‘) 

Coeff. of 
Expn., 

273-373K 
( 10-6.K-‘) 

r Cross Section 
I 

r Workability Machinability Weldability 
I 

A 

C 

C 

A 
A 
A 

A 

A 
A 

A 

A 
A 

A 

Cryogenic Radiation Aqueous 
Mechanical Damage Corrosion 
Properties Tolerance+ Tolerance 

B 

C 

? 

A 
A 
A 

A 

A 
A 

A 

A 
A 

A 

B 

C 

? 

A 
A 
A 

A 

A 
A 

A 

A 
A 

A 

C 

A 

? 

A 
A 
A 

A 

A 
A 

A 

A 
A 

A 
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Aluminum offers the best combination of physical and practical properties to fit the needs of a 
cold source. Aluminum has low density, high thermal conductivity, and moderately low neutron 
absorption cross section. It has good compatibility with hydrogen. It can be fabricated easily, has 
exceptionally good mechanical properties at cryogenic temperatures, and its alloys are used 
extensively as tanks for storing liquified gases at low temperatures. It has good tolerance of 
radiation damage. Aluminum also has another property of particular benefit to a cold source; it 
permits low-temperature radiation damage to be removed by the simple process of raising the 
temperature of the source to room temperature periodically. Other materials would require higher 
temperatures for this recovery treatment, for example 300°C for copper and even higher for 
stainless steel. With these impressive credentials it is not surprising that aluminum alloys are the 
preferred materials for most of the world’s reactor-based cold neutron sources, Table 2. 

4.0 Materials Selection for the HFIR Cold Neutron Source 
The in-reactor components of the new HFIJX cold source will be constructed from aluminum 
alloy, more specifically from 6061alloy in the T6 condition. Although the physical size of the 
vessel will be very small, approximately 100 mm diameter with 2 mm thick walls and 0.5 L 
volume, the neutron fluxes on the vessel will be higher than the fluxes on any existing cold source, 
and nuclear heating of the source will be considerable, about 2.4 kW. Stresses [l] on the walls of 
the moderator vessel will be d,ominated by the constant pressure of about 15 bar needed to keep 
the’hydrogen moderator in a supercritical state, and will reach a maximum of 55 MPa. The ASME 
pressure vessel code recommends that maximum stresses should not exceed 2/3 of the tensile yield 
strength or Y3 of the ultimate tensile strength, whichever is the smaller. The l/3 UTS criterion 
holds for the stronger aluminum alloys which have high ratios of yield strength to ultimate 
strength. Thus the vessel material must have a minimum tensile strength of 165 Mpa. This will 
require an aluminum alloy which is artificially strengthened by either a precipitation hardening 
heat treatment or by a cold working treatment, 

As we shall see shortly, artificially hardened materials have some limitations with regard to their 
operating temperatures and the properties of their weldments. Attempts to avoid these limitations 
by substituting a non-hardened, non-aluminum material such as annealed 304 stainless steel for the 
vessel might entail even more serious difficulties. Annealed 304 stainless steel has similar yield 
strength and higher tensile strength than 6061-T6 aluminum alloy. It is easier to weld and it 
maintains its strength after welding. The drawback is that stainless steel has a density almost three 
times that of aluminum, so it generates about three times as much heat per unit volume of vessel 
wall and would therefore require a thinner wall section to reduce heat generation. But it has only 
one tenth the thermal conductivity of aluminum at 20K, which slows the transfer of the heat to the 
moderator. To attain thermal equivalence with a 2.1 mm-thick wall aluminum vessel of the same 
size and shape, the wall thickness of the stainless steel vessel must be l/3 x l/10 of the aluminum 
vessel, i.e. 3.3% or 0.07 mm. This is not a practical proposition and perhaps is too strict a 
comparison. A fairer route might be to determine the relative wall thicknesses from an equivalent 
steady state temperature rise in the wall, AT=qt2/2k, where q is the heat generation rate, t is the 
wall thickness, and k is the thermal conductivity. The reduced wall thickness for stainless steel is 
then 18% or 0.365 mm. This is barely practical, and not reassuring when it is remembered that in 
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both aluminum and stainless’steel vessels the gas flow rates and pressures will be the same, 
thereby raising the stress in the thin-walled steel vessel to 5.6 times that in the thicker aluminum 
wall, i.e. to 309 MPa. The appropriate ASME code allowable tensile strength for the stainless 
steel vessel would then be 9 19 h&Pa, which is about half the tensile strength of annealed stainless 
steel at 4K but is about three times the strength of annealed stainless steel at room temperature 
where the service stresses will persist in a constant pressure system. So annealed 304 stainless 
steel would not be a good choice for the vessel material. 

There are four classes of well-established commercial aluminum alloys that can meet the minimum 
stress level requirement for the cold source vessel. They are the 2XXX series (Al-Cu), 5xXx 
(Al-Mg), 6XXX (Al-Mg-Si), and 7XXX (Al-Zn). The 2xXx, 6xXx, and 7xXx alloys are heat 
treatable by quenching and tempering (T, for tempered, condition) and would require to be used 
in a T condition. 2XXX and 7XXX are stronger but less ductile than 6XXX. Unlike the 6061 
alloy, the 2XXX and 7XXX alloys have no well-established histories of performance in a nuclear 
environment, and there are no precedents for their use in cold neutron sources. They are more 
susceptible to stress corrosion cracking than 6061 alloy, and are more difficult to weld. They have 
poor resistance to tearing compared to the SXXX and 6xXx alloys, especially at cryogenic 
temperatures. In short, they offer no irresistible advantages over 6061 alloy, and are not 
considered further for the HFIR cold source. The 5xXx alloys are solid-solution strengthened by 
2.5-5.0% Mg. They are not heat-treatable. They are often strengthened by cold working (J? or H 
tempers), but the strength gain from cold work is lost during welding and can not be reinstated by 
post-weld treatments like it can in a heat-treatable 6XXX alloy. Thus, although the mechanical 
properties of the 5xXx alloys in the as-welded condition are equal to or slightly better than those 
of as-welded 6061-T6, the 6061 alloy has the advantage that it can be post-weld heat treated to 
regain much of its T6 strength, if so desired. The 6061 alloy also has better tear resistance than 
the SXXX series, which is an asset for a thin-walled vessel. The SXXX and 6061 alloys are the 
most widely used alloys in cold neutron sources (Table l), with the SXXX class being the most 
popular, The popularity of the SXXX alloys stems from their relative ease of welding and their 
long-demonstrated service at cryogenic temperatures as tanks for liquified gas fuel propellants. 
The good weldability of the SXXX class make it the preferred choice for a low flux, cold neutron 
source that will never reach high thermal neutron fluences or one which can be replaced easily 
after modest neutron exposure. But for a cold source that must withstand very high thermal 
fluences, the SXXX-type alloys are less desirable than 6061-T6 alloy, for the reasons described 
below. 

At the times when most of the existing cold neutron sources were constructed from 5xXx alloys 
it was not known that some SXXX-type alloys become prone to severe intergranular cracking 
during prolonged neutron irradiation. That phenomenon was aired when the French revealed it 
was necessary to replace the SXXX-type AG3 NET alloy beam tubes of the Reacteur Haut Flux 
at Saclay at 5-6 y intervals because of corrosion, extensive craze’cracking, and nil ductility [7]. 
AG3 NET is an alloy of 3% Mg similar to 5052 alloy. The problems were encountered at a 
thermal neutron fluence of 8-9 x 10z6 n.mm2 at ambient reactor coolant temperature. Later the 
reactor core pedestal, also built from AG3 NET alloy, was found to be cracked. A major 
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replacement of the reactor internal aluminum components had to be undertaken. Another instance 
of an exposure limitation with a SXXX alloy is the core box of the High Flux Reactor (ECFR) at 
Petten. It is built from BS 1477 NP5/6M, a 3.5-3.9% Mg alloy, which closely corresponds to 
5 154-O alloy. Surveillance specimens [8] and post-mortem tests on the box [9] revealed that the 
tensile elongation at 293K was reduced to 4% at a thermal neutron fluence of 4.5 x 1O26 n.ms2 [9] 
and to less than 2% at 5.5 x 1 026 n.m2 [S], with no signs of leveling off, indicating close approach 
of end-of-life exposure. Incipient intergranular cracking was evident in the strained test pieces. 

1 

The cause(s) of the severe intergranular cracking in the AG3 NET alloy has never been fully 
explained. One possibility is that the alloy, which is made from high purity materials to minimize 
the presence of high radioactivation elements, is deficient in trace elements that impart corrosion 
resistance to the grain boundaries, Another possibility has to do with the depletion of magnesium 
from solid solution during irradiation. A feature of the aluminum-magnesium solid solution alloys 
of the SXXX type, which was not recognized until the early 1970’s after the construction of most 
cold neutron sources, is that under neutron, irradiation the Mg reacts with transmutation-produced 
Si to form a fine precipitate of Mg,Si [ 10,111. This phenomenon essentially converts the SXXX 
alloy to a 6XXX type, but with a difference. Whereas the Mg,Si phase in regular 6xXx alloys is 
carefully engineered via heat treatment to deliver consistent and predetermined mechanical 
properties, there is no control of the Mg,Si phase produced by irradiation in the SXXX alloys. 
Control ofthe Mg,Si phase in commercial 6XXX alloys is necessary to ensure that mechanical 
properties of the alloy do not stray from acceptable and prescribed levels. If the distribution of 
the Mg,Si phase is too fine it gives a hard, low-ductility alloy. A coarse distribution of the phase 
weakens the alloy. The nature and location of the phase also affects corrosion properties. Too 
much of the phase on grain boundaries may encourage cracking there. Commercial heat 
treatments are selected such that undesirable extremes of properties are avoided. The 
recommended heat treatment for each 6XXX alloy has been carefully chosen through many trials 
to give a microstructure that yields the optimum combination of mechanical and physical 
properties consistent with economical commercial practices. 

, 
The nature and distribution of the Mg,Si phase produced in 5xXx alloys by irradiation depends 
on the irradiation conditions that created it. Irradiations of SXXX alloys at water temperature 
induce a distribution of very fine Mg,Si precipitates [ 10,l l] that cause considerable hardening of 
the alloy [ 121, and a tendency for very low ductility intergranular failure at slow strain rates [ 1 l]., -. 
The degree of hardening per unit fluence is much greater in Al-Mg alloys than the rate of 
irradiation hardening seen in other aluminum alloys [ 131 in which the transmutation-produced 
silicon forms precipitates of elemental Si [ 14,151, not Mg,Si. The writer’s tentative assessment of 
the radiation responses of SXXX-type alloys is that they seem to become critically hard and prone 
to intergranular cracking when the thermal neutron fluence has created sufficient Si to draw all or 
most of the Mg from solid solution as Mg,Si phase. Since the capture cross section for Si 
production is high, 230 mb for neutrons with energies of 0.025 eV (22OOm/s), and each 
transmutation-produced silicon atom can pull two magnesium atoms from solid solution, a 
thermal neutron fluence of 6.5 x 1 026 n.mm2 would be sufficient to deplete the French AG3 NET 
alloy of its free Mg. Such depletion would alter the chemical composition of grain boundaries, 
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weakening them and perhaps rendering them more susceptible to corrosion and cracking. Most 
existing cold neutron sources with SXXX alloy components are low flux sources and their thermal 
neutron fluences have not yet reached the critical levels for magnesium depletion and crack 
formation. The HFIR cold source will be a very high intensity source and if it were built from 
5052-O alloy (2.5% Mg), it would reach the magnesium depletion stage at a thermal neutron 
fluence of about 5.4 x 1026n:mV2, i.e. at less than half the intended lifetime of the source. It would 
require an alloy of 5% or more Mg to resist Mg depletion to the end of life of the HFIR cold 
source. There are no radiation effects data for such an alloy. 

Attaining the critical thermal neutron fluence for magnesium depletion is probably not a sufficient 
condition for cracking, as evidenced by the fact that tensile specimens of 5052-O alloy irradiated 
in flowing water in the HFIR target region to thermal neutron fluences up to almost 3.1 x 10” 
n.ms2 did not display cracking and retained a modest ductility [ 121. An additional requirement for 
cracking might be a softened neutron spectrum and its effects on precipitates. It has been found 
that precipitate particles of silicon generated in 606 1 aluminum are smaller and more numerous 
when created by a softened spectrum than those created by a harder spectrum [ 161. A tentative 
explanation [ 171 is that the larger fraction of fast neutrons in a harder spectrum encourages 
Ostwald ripening of the precipitate particles by cascade dissolution of embryo particles and by 
providing point defects to aid diffusion processes. Thus a softer spectrum, expressed as a larger 
ratio of the thermal flux to the fast flux (E>O. lMeV), allows retention of finer precipitates which 
cause more hardening per unit amount of transmutation-produced silicon. In principle, this 
explanation should also be applicable to the Mg,Si precipitate particles produced during 
irradiation of 5XxX alloys. Indeed, raising the thermal-to-fast flux ratio from 1.7 to 2.1 for 5052- 
0 aluminum irradiated in the HFIR [ 121 caused appreciable increase in strength and reduction in 
ductility. Similarly, the post-mortem tests of the HFR, Petten 5 154-type core box [9] showed 
significantly greater strengthening and poorer ductility for a thermal-to-fast flux ratio of 4.8 than 
for a ratio of 1 .O. These are small changes in flux ratio. The reactor at Saclay is a heavy water 
reactor and the thermal-to-fast flux ratios for its cracked components were in the range 80-500. 
The thermal-to-fast flux ratio for the HFIR cold source vessel is expected to be about 12 [18]. 

Taken together, these observations of low ductility and cracking in irradiated SXXX type alloys 
pose serious questions of whether a SXXX alloy would be able to reach the desired &year 
lifetime fluence of 1.3 x 10” n.mm2 (thermal) in the new HFIR cold source at a thermal-to-fast flux 
ratio of 12 without cracking. In contrast, the results from surveillance specimens and reactor 
components constructed from 606 1 -T6 alloy inspire much greater confidence. This alloy has 
withstood longer service periods and thermal neutron fluences higher than 1.3 x 10” n.ms2 in the 
High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory [ 16,191 and in the HFIR 
[20] at thermal-to-fast flux ratios in the range 0.6 to 21. The present HFIR HB-4 beam tube is~ 
constructed from 6061-T6 alloy. It has served for the equivalent of about1 6 full power years and 
has withstood a thermal neutron fluence of about 3 x 1O27 n.m2 at a thermal-to-fast flux ratio of 14 
without any signs of cracking or corrosion. Post-irradiation examinations of other HFIR 
components [21,22] exposed to thermal fluences of 1.3 x 1O27 n.mm2 or more have shown retention 
of about 5% tensile elongation in room temperature tests. Thus, 6061-T6 alloy clearly 
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outperforms the 5xXx alloys at high neutron doses. 

In arriving at this decision it is acknowledged that it is based on comparison of the properties of 
alloys irradiated at temperatures of about 330K whereas the cold source vessel will spend most of 
its lifetime at a temperature of 20K. Unfortunately, there are no comparable data for the alloys 
after irradiation at 20K. 

; t 

. D 

6061-T6 alloy is also considered to be the best material for the cold source vacuum tube. This 
tube will experience service conditions and temperatures very similar to those at the HFIR beam 
tubes. The I-IFIR beam tubes have always been constructed from 6061-T6 alloy, and they have 
given outstanding service. There are no reasons to change the beam tube material. The hydrogen 
feed and return pipes will be welded to the pipe connections on the cold source vessel and will 
support the weight of the vessel and hold it centered in the vacuum tube. It makes good sense to 
make the pipes from 6061-T6 alloy. Therefore, all the cold source components within the 
beryllium reflector should be built from 6061-T6 alloy. 

4.1 Composition, Properties, and Limitations of 6061-T6 Aluminum 
The mechanical properties of all artificially strengthened alloys depend on the stability of their 
microstructures, and can be severely undermined if that stability is jeopardized. The most serious 
threat is an uncontrolled excursion to temperatures above the accepted thermal stability 
temperature for the alloy. The following paragraphs outline the boundaries of prudent usage for 
the 6061-T6 alloy. 

The 6061-T6 alloy is one of the mainstays of the aluminum industry and it has the most extensive 
records and the best demonstrated performance in nuclear environments of all aluminum alloys. 
The alloy in its T6 and T65 1 tempers is approved for use in construction of Class 1 nuclear, 
welded, primary pressure vessels under the ASME? boiler and pressure vessel code for applications 
at temperatures less than 150”C,‘Code Case N-5 19 [23]. The T65 1 temper designation indicates 
that a light straightening treatment was applied after the T6 temper; the mechanical properties 

. specifications are the same as those for the T6 condition, namely a yield strength of 241 MPa and 
an ultimate tensile strength of 290 MPa at room temperature. Typical tensile elongation is 12- 
18%. 

The writer has assessed the alloy for extended service in the proposed Advanced Neutron Source 
reactor [24]. Briefly, it contains 0.8-l .2 Wt % Mg and 0.4-0.8 Wt % Si as its major alloying 
elements, and small quantities of Fe, Cu ,Cr, Ti, and Zn for control of grain size and improvement 
of aqueous corrosion resistance. It is a heat-treatable alloy, and therein lies a major shortcoming 
that it shares with other heat-treated .or strain-hardened aluminum alloys. It is thermally unstable 
at moderately low temperature. This instability can be seen by considering the physical processes 
underlying its heat treatment. In its T6 condition it is strengthened by a fine precipitate of Mg,Si 
phase produced by solution treatment at 532°C and quenching, followed by tempering (aging) at 
160°C [25]. During the tempering treatment, the Mg and Si atoms in the quenched solid solution 
migrate and unite in the metal lattice to form the Mg,Si precipitate particles. Migration of solute 
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atoms occurs by a process of exchanging atomic positions with mobile vacant lattice sites. A rule 
of thumb is that vacancies become mobile at an homologous temperature of about 0.3 T,, where 
the homologous temperature is the temperature expressed as a fraction of the melting temperature 
in absolute (Kelvin) units. Aluminum has a low melting temperature of 932K (659°C) so an 
homologous temperature of 0.3 T, is only 280K, or 7°C. Which means that solute transport and 
precipitate formation can occur at room temperature, given enough time. It is the basis for the so- 
called “natural aging” of aluminum alloys at ambient temperature that results in the commercial 
T4 temper. In a quenched 6061 alloy, natural aging is detectable after only lh but the full strength 
of the alloy is not achieved even after years at room temperature. To accelerate the aging process 
and obtain the optimum combination of maximum strength and good ductility in economically 
feasible times the aging temperature is raised to 160°C. A period of 18 h at 160°C gives the T6 
temper [25]. Once this temper is established, any further treatment at a higher temperature or for 
longer time at 160°C will enlarge and ripen the precipitate and some softening will ensue, hence 
the thermal instability. 

4.2 Maximum Service Temperature for 6061-T6 Aluminum 
In essence, the tempering temperature fixes the maximum operating temperature for the T6 alloy. 
Fig.3, compiled from refs.25-3 1, shows how the tensile properties at temperature are altered by 
the temperature and by time and stress at temperature. Even a short term at temperatures much 
above 160°C will cause the alloy to partially overage and soften. Long holding periods (1,000 hr 
or more) between 130°C and 160°C will induce some softening, too. Imposition of stress will also 
reduce the softening temperature, and stress levels close to the yield point will cause creep above 
100°C. A fusion weld is the most severe form of heating and it dissolves the precipitates in the 
weld metal and heat-affected zones, and considerably reduces the strengths of those regions. A 
weld tested at room temperature is stronger than a lily annealed alloy because it contains filler 
metal and it also undergoes some natural aging. The 6061-T6 alloy is not alone in regard to 
temperature sensitivity; the other heat-treatable aluminum alloys have similar temperature 
limitations. Likewise, the non-heat-treatable, work-hardened SXXX alloys are not immune from 
temperature effects. The conditions of temperature and time that cause overaging of precipitates 
in the heat-treated alloys are sufficient to rearrange dislocations in strain-hardened alloys and 
cause the alloys to soften. Moreover, heating the Mg-rich SXXX alloys induces segregation of 
Mg, making the alloys more sensitive to stress-corrosion cracking. In short, all aluminum alloys 
used for prolonged service conditions perform best at temperatures below 130-150°C. 

The.thermal instability displayed in Fig. 3 is for materials held and tested at the indicated 
temperatures. The softening contains a contribution from the temperature dependence of the 
elastic modulus, In cases where a component that usually operates at temperature below 130°C is 
inadvertently heated into the softening regime and then returned to its normal temperature, the 
degree of softening would not be as large as implied in Fig. 3. Nevertheless, it can be substantial, 
as shown in Fig. 4, derived from data in refs. 32-35, which gives the strength at room temperature 
after periods at the indicated reheat temperatures. Like in Fig., 3, the degree of softening during a 
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Fig. 3. Effects of Test Temperature andHold Time at Test Temperature on the Tensile, Stress- 
Rupture, and Stress Relaxation Properties of 606l-Td and -T651 Alloy [25-311. 

temperature excursion depends on exposure time, and more so on temperature. The strength of 
6061-T6 alloy (and other tempered or strain-hardened aluminum alloys) will be impaired by 
accidental temperature transients above 200°C. Even a short, 15 mm. excursion to 250°C will 
cause noticeable softening; a trip to 425°C for 15 min. will totally erase the T6 temper, reducing 
the strength by 55% to a value close to the strength of annealed 6061, about 124 Mpa. The 
impairment will be permanent. Actually, the original properties can be substantially restored in a 
precipitation-hardened alloy by a till reheat treatment, at the risk of causing some distortion 
of the component. But reheat treating an irradiated component would be a difficult and dubious 
task because of the radioactivity and the involvement of transmutation products in the 
microstructural changes. The warning is clear. The T6 alloy should not be exposed to 
temperatures above its original tempering temperature of 160°C for long periods, a week or more, 
if the T6 strength is to be maintained. 
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Fig. 4. Effects of Hold Time at Elevated Temperatures on the Room Temperature Tensile 
Strength of 606l-T6 and -T65I Alloy [32-351. 

Having emphasized this Achilles’ heel of all precipitation-hardened and strain-hardened alloys in 
order to clearly establish the upper service temperatures for such materials, it should be 
understood that it is only a limitation, not a deterrent, to successful implementation of the alloys in 
applications where public safety is a prime issue. A most notable example is the extensive use of 
precipitation-hardened aluminum in the construction of commercial aircraft. Also, the 606 l-T6 
alloy has given more than thirty years of exemplary service in research reactors, the best-known 
examples being the HFBR at Brookhaven National Laboratory and the HFIR. In these cases the 
service temperatures are below 13O’C. Nevertheless, it is conceivable that an accidental 
temperature rise might occur during, for example, a temporary loss of coolant to a reactor 
component. Such an incident should invite a thorough review of the consequences of the 
temperature transient on the properties of the component before it is returned to service. 

4.3 Mechanical Properties of 6061-T6 Alloy at Low Temperatures 
On a more positive note, and of particular relevance for a cold neutron source, the properties of 
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aluminum alloys at low temperatures in the cryogenic regime are excellent, even better than they 
are at room temperature. Their toughnesses are actually increased. In that regard, aluminum is 
exceptional; the toughness of most other metals is degraded at very low temperatures. Some of 
the tensile properties for the 6061-T6 alloy at sub zero temperatures can be seen in Fig. 3. More 
details of tensile properties and other mechanical properties are given in Figs. 5 through 8. In Fig. 
5 it is clear that the strengths and ductilities of the alloy in sheet, plate, and bar product forms 
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Fig. 5. Tensile properties of Sheet, Plate, and Bar of 606I-Td Alloy at Cryogenic Temperatures 
[36-J 

increase as the test temperature is reduced to the cryogenic region. Two other very favorable 
characteristics of the alloy, namely relative insensitivity to notches and uniformity of properties 
irrespective of processing direction, are also not seriously impaired by low temperature. This is 
evident in Fig. 6 where the ratio of notched to unnotched tensile strength for specimens of 6061- 
T6 sheets in the rolling direction and in the transverse direction are plotted for two stress intensity 
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Fig. 6. Effects of Rolling Direction, Notches, Stress Intensify Factor, and Cryogenic Test 
Temperatures on the Tensile Strength of 606-l-T6 Alloy Sheet [3 71. 

factors,. 3.5 and 2 1. Data for intermediate factors and for thinner sheet fall within these boundaries 
and also show little effects of rolling direction [37]. The reduction in strength ratio at 20K is 
about 25% for the sharpest notch. The implication is that the alloy has good resistance to tearing 
at low temperature, and this is confirmed by the tear resistance data for aluminum alloys displayed 
in Fig. 7. Good tear resistance is a highly desirable asset for thin-walled structures like the cold 
source vessel and the vacuum tube. Failure in a thin material is more likely to occur by tearing 
than by brittle crack propagation. In aluminum alloys, tear resistance is an inverse function of 
tensile strength. In terms of tear resistance, the 6061-T6 alloy is much superior to the stronger . 
2XXX and 7XXX heat treated alloys and is considerably better than the strain-hardened 5xXx 
series alloys of similar strength. The fracture resistance of 6061-T6 alloy is not confined to sheet 
material. Plate and bar stock are tough, too. The Charpy impact properties of plate and bar, and 
the plane-strain fracture toughness parameter, Kr c, of plate are shown in Fig. 8. Both parameters 
are increased slightly at cryogenic temperatures. The critical stress intensity factor exceeds the 
ASME recommended reference stress intensity factor of 25.3 MPa drn. 

In accordance with the increased deformation resistance at low temperatures, the fatigue strength 
is also increased substantially, as shown in Fig. 9. Although fatigue is unlikely to be an issue for 
the HFIR cold source, it is reassuring to know that the fatigue properties of.606 1 -T6 alloy are 
consistent with the improvements in other mechanical properties of the alloy at low temperatures. 
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Fig. 7. Tear Resistances of Sheet and Plate of Various Aluminum Alloys at Sub Zero 
Temperatures [38]. Tear Path is Transverse to the Rolling Direction. 

4.4 Welds 

. 

To ensure that conservative design guidelines are applied and national quality assurance standards 
are met or exceeded, the cold source will be designed and constructed to ASME boiler and 
pressure vessel recommendations. Code Case N-5 19 [23] covers 606 1 -T6 alloy. It permits welds. 
Construction of the HFIR cold source will involve welds at two locations, a girth weld in the 
moderator vessel and circumferential welds in the hydrogen lines. Welding is the most severe form 
of overaging for a precipitation hardened alloy, and it will certainly reduce the strength of the 
6061-T6 alloy in the immediate vicinity of the weld. The minimum room-temperature ultimate 
tensile strength of a weld in T6 and T65 1 material is specified by the ASME code as 165 MPa, 
which is 57% of the T6 strength. Under the code rules, the maximum service stress a weld could 
safely support is one-third of 165 h4Pa, i.e. 55 MPa. By coincidence, the maximum stress 
expected on the most highly stressed region of the moderator vessel wall is 55 MPa; but it is not 
at a weld. It is in the unwelded T6 material. So the girth weld in the vessel will have ample 
strength to satisfy the code recommendations. 

The most serious questions the welds raise for the cold source is not whether they will have 
sufficient strength, but whether they can be made leak tight, and will remain leak tight during 
service. In essence, a fusion weld is really a cast material, and it bears some of the problems and 
uncertainties of castings, notably a tendency for porosity and shrinkage, and mechanical properties 
inferior to wrought products. Porosity is a problem with many welds and is particularly 
burdensome for thin wall aluminum because the high rates of thermal conductivity and thermal 
expansion of aluminum causes the weld pool to freeze and shrink rapidly with large volume 
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changes, introducing shrinkage cavities. This problem is overcome to a large extent by using weld 
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Fig. 8. Temperature Dependence of Charpy Impact [37] and Fracture Toughness [39] 
Properties for 606l-Td and -T6.51 Plate and Bar. 

filler metals of relatively low melting temperature such as the 4XXX (Al-Si) series. These filler 
metals allow the molten weld pool to stay fluid for longer periods, enabling more flow into 
shrinkage cavities during cooling of the weld. If ductility of the weld is a concern, a 5xXx series 
filler metal gives welds with better ductility than the 4XXX fillers. However, for our case the use 
of a 5xXx filler would introduce worries about the deleterious radiation effects mentioned earlier 
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’ for the 5xXx series, and therefore we prefer the 4XEC filler. Welds with 4XXX filler have 
adequate properties for our needs. Furthermore, concerns about leak tightness of welds in the 
moderator vessel will be alleviated by subjecting the welded vessel to stringent proof tests at 
cryogenic temperatures and monitoring it for leaks. 

6061-T6, UTS = 305 MPa 
7 19mm dia. bar. 

Tested in flexure; R = 1 .O 
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Fig. 9. Cyclic Fatigue Properties of 6061-T6 Bar at Low Temperatures [37]. 
i 

In Fig. 5 we saw that the tensile properties of unwelded T6 alloy sheet and plate were better at 
‘20K than at room temperature. For the most part, the same holds for welded 6061 sheet and 
plate. The low temperature tensile properties of welds in 606 l-T6 sheet and plate made with 4043 
(Al-S%Si) filler are presented in Fig. 10, together with properties of unwelded plate. .The 
properties of welded sheet can be compared with the properties for the unwelded sheet material 
shown in Figs, 5 and 11. Due to the loss of temper by welding, the yield and tensile strengths of 
both product forms in the as-welded conditions are about two-thirds or more of those for the base 
material. They maintain a similar temperature dependence as the unwelded alloy, and are stronger 
at 20K than at room temperature. The elongation values of the as-welded sheet material increase 
with decreasing temperature, but those for plate stock tend to decrease a little. Nevertheless, they 
remain above 5% at 20K. Fig. 10 also shows the results of a post-weld T6 heat treatment for the 
plate material [40]. Heat treatment after welding fully restores the yield and tensile strengths in 
room temperature tests, and regains more than three-fourths of the unwelded strengths at 20K; a 
respectable portion of the elongation is restored at all test temperatures. 
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Fig. IO. Low Temperature Tensile Properties of 4043 Filler Welds in 604l-T6 Sheet and Plate. 
Drawnporn data in references 36 and 40. 

In keeping with the reduction in strength by welding, the notch strength is reduced, too, but not 
drastically even at low temperature [41]. Fig. 11 shows the temperature dependence of the 
notched and unnotched tensile strengths of 3 mm thick sheet of 606 l-T6 alloy before and after 
welding. The sharp side notches had a stress concentration factor of 30.3. It can be seen that at 
room temperature the notch has little effect on the tensile strengths of the unwelded parent metal 
and the weld. At 2OK, the notch reduces the strength of the weld more than it does the parent 
metal, but the notch strength of the weld is still greater than at room temperature. These data 
indicate that 4043 tiller welds in the T6 alloy retain considerable toughness. This is borne out by 
fracture toughness tests [42] on 4043 filler welds in 606 1 -T65 1 plate which show KJ values of 46- 
54 MPaJm at room temperature, better than the unwelded parent metal values of 32-34 MPaJm. 
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Fig. Il. Strengths of Notched and Unnotched 4043 Filler Welds and UmYelded Parent Metal of 
3 mm Sheet 6061-T6 Al at Low Temperatures [41]. The notch stress concentration factor is 30.3. 

ASME code case N-5 19 allows welds in 606 l-T6 alloy but it forbids post-weld heat-treatments. 
The reason for this ban is that tensile elongations as low as 2% at room temperature and 3% at 
77K have been recorded for plate material welded with 4043 filler then given a T6 heat treatment, 
compared with 12% and 7.5% at respective temperatures for non-heat-treated welds [43 J. Such 
low ductilities after post-weld heat treatment are not the norm. Fig. 10 shows that heat treatment 
to the T6 condition after Gelding can actually improve the post-weld elongation of 6061-T6 alloy, 
elongations of 15% or more being obtained at all test temperatures. This increase in elongation 
presumably arises because raising the strength of the weld will reduce the potential for strain 
localization at the weld. These conflicting data indicate that there can be significant variation in 
the ductility of post-weld heat-treated 606 1 -T6 alloy. Part of the variation might have been 
caused by flaws in the welds. That being so, a rigorous program of detection and elimination of 
flaws in the welds will ensure acceptable ductility. Since all welds in the HFIR cold source will be 
subjected to stringent flaw elimination to ensure leak tightness, it follows that ductility should be 
optimized, too. Another potential cause of variation in weld ductility could be the amount of 4043 
filler alloy in the weld. Too much filler might produce excessive precipitation of silicon and 
associated low ductility during heat treatment. In that regard, welds in the thin-wall cold source 
should require less filler than welds in plate, and should be less prone to low ductility after heat 
treatment. 

, 

This point about post-weld heat treatment is made to demonstrate that not all heat treated welds 
in 606 1 alloy will have poor ductility, and to show that with care low ductility welds can be 
avoided. Therefore, it is suggested that if the need arises to increase the strength and ductility of 
the welds in the HFIR cold source, the ban on post-weld heat treatment in the ASME code should 
be reconsidered. Further comments on the application of the ASME code follow. 
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5.0 Comments on Application of ASME Code 
Although the HFIR cold source moderator vessel could be exempted from strict ASME boiler and 
pressure vessel code requirements because it is not part of the primary containment boundary of 
the HFIR, and it is smaller than the minimum 6 in. diameter (150 mm) covered by the ASME 
code, it will be built to ASME code recommendations. Designing the vessel to ASME code 
recommendations will provide a conservative design guideline and a high level of quality 
assurance during fabrication. But adherence to the code affords no guarantee that deterioration of 
the source may occur and require it to be replaced at a shorter interval than planned. It must be 
recognized that the vessel will not meet the minimum fracture toughness criteria required for 
larger code-approved pressure vessels. In the first place, the vessel will be too small and the wall 
thicknesses too thin to give a satisfactory measure of fracture toughness as defined by the code. In 
the second place, the toughness of the HF$R cold source vessel, like all cold neutron source 
vessels, will be impaired by severe hardening and loss of ductility as a result of low temperature 
neutron irradiation. The code does not address such embrittlement. Even though substantial 
increase in strength will occur during cryogenic irradiation, the code allows no credit to be taken 
for it. Moreover, the code says nothing about the expected large loss of ductility, which may be 
the major hurdle faced by the vessel in service. But the designer is expected to take cognisance of 
the ductility loss and make appropriate allowances for it. The allowances are not defined by the 
code. They are left to the discretion of the designer. These uncertainties apply to all cold neutron 
sources. Despite them, there have been no dangerous failures of existing cold neutron sources. 

6.0 Radiation Effects in Aluminum Alloys 
Irradiation of the cold source components will considerably alter their physical and mechanical 
properties. The principal effects will be increases in strength and associated losses in ductility, and 
some swelling. The nature and extent of the changes will depend strongly on the neutron fluence 
and more strongly on the irradiation temperature. A cold source has two quite distinct 
temperature zones, a very low temperature in the moderator vessel, in our case 2OK, and a much 
higher temperature in the vacuum tube and its immediate surroundings, in our case 3 1%398K (45- 
125°C). For aluminum these represent homologous temperatures of O.O2T, and up to 0.43T, 
respectively, which will cause enormous differences in the nature and consequences of the 
radiation damage. Before proceeding to discuss the specific effects of irradiation expected in 
individual components of the cold source, it is instructive to review the general effects of neutron 
irradiation in metals, and the effects on aluminum and the 606 1 -T6 alloy in particular. 

6.1 Point Defects and Transmutation Products 
Neutron radiation effects in metals in general are due primarily to radiation-produced point 
defects and transmutation products, created in the metal atom lattice. Point defects are generated 
when an incident neutron knocks an atom from its lattice site via an elastic or inelastic collision. 
An inelastic collision involves absorption of the neutron by the atom and subsequent emission of a 
particle (7, a, or p) whose release causes the nucleus to recoil; this is more common with slow 
neutrons. In an elastic collision a fast neutron bounces off the atom like a billiard ball and imparts 
a portion of its kinetic energy to the atom. In both of these events, the recoiled atom is forced into 
an interstitial lattice position, known as a self-interstitial atom (SIA), and its emptied lattice site is 
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called a vacancy. The SIAs and the vacancies are’the point defects. The kinetic energy required to 
recoil an aluminum atom from its site is about 25 eV. If the kinetic energy transferred by the 
neutron or the decay recoil event is more than twice the displacement energy, the displaced atom 
carries sufficient energy to dislodge an adjacent atom as a secondary recoil, and so on in a cascade 
of displacements until successive secondary knock-on atoms no longer have enough kinetic 
energy to eject another atom, The number of displaced atoms in a cascade is roughly proportional 
to the energy transferred to the primary knock-on atom divided by twice the displacement energy. 
A 1 MeV neutron can transfer about 1.4 x lo5 eV to an aluminum atom, so the resulting cascade 
might involve several thousand atoms. Hence, in most reactor neutron spectra most of the point 
defects will be created by fast neutrons and the degree of radiation damage will scale with fast 
neutron fluence, usually expressed as the fluence greater than 0.1 MeV or greater than 1 MeV. An 
alternative, and now preferred, correlation parameter is the number of displacements per atom 

@Pa). 

Another source of atomic displacements is gamma rays. Gamma rays do not displace atoms 
directly. They energize electrons by Compton scattering or pair production; these electrons 
dislodge the atoms. Such displacement events produce Frenkel pairs of SIAs and vacancies, not 
cascades, and the displacement cross section is much smaller, than for-neutron displacements. 
Gamma rays with energies >l MeV will produce Compton electrons with maximum energies 
about 0.8 MeV. In aluminum, the displacement cross section for 0.8 &IeV electrons is 25 b [44]. 
The displacement cross section for neutrons with energies >l MeV is more than 1100 b [45]. In 
the irradiation environment at the HFIR cold source the gamma flux will be about twice as large 
as the fast neutron flux and, therefore, the contribution of gamma displacements will be less than 
5% of those from fast neutrons, 

. 4 

In the HFIR cold source, as in other cold sources, most of the displacement damage will originate 
from the background of higher energy neutrons impinging on the vessel. 

f 
The quantities of transmutation products in construction alloys are usually small and relatively 
innocuous with respect to their effects on mechanical properties at room temperature and 
moderately higher temperatures. The two most common ones are the gases hydrogen and helium 
generated from (nip) and (n,&) reactions by fast neutrons. The production cross sections for these 
reactions in aluminum in various reactor neutron spectra are small, approximately 3 mb and 0.5 
mb, respectively, for neutrons with energies > 0.1 MeV [45]. From these cross sections and a 
peak fast neutron flux of 5.7 x 1 017 n.m-‘. s-l, E > 0.1 MeV expected at the IIFIR cold source 
vessel at 100 MW power level [ 181, the production rates of hydrogen and helium are estimated to 
be about 5 and 1 appm per effective full power year (EFPY). These quantities are not considered 
worrisome. With regard to solid transmutation products, in most metals the amounts of solid 
transmutants are usually of order a few atomic parts per million per year, and their effects on 
mechanical properties are nil or minor. Aluminum is an exception. Its major transmutation 
product is silicon which has major effects on the mechanical properties of the aluminum. Silicon is 
produced by the sequential reaction A127(n,y)A128 -+Si2’ + p-. The production cross section is 
large, 230 mb for neutrons with energy 0.025 eV (2200 m.s-I), and larger at lower energies. It is 
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estimated that about 0.7% Si will be generated per EFPY in the cold source vessel [ 181. This 
silicon will significantly affect mechanical properties, as explained below. 

6.2 Radiation Hardening 
The radiation effect of most interest to this report is radiation hardening and associated loss of 

ductility. In general, radiation hardening is caused by clusters of vacancies and clusters of SIAs 
that obstruct the passage of glide dislocations during plastic deformation of the metal. The more 
clusters the greater the degree of hardening. Hardening is very sensitive to irradiation temperature 
because the temperature is a major arbiter of the number and size of the clusters. The lower the 
temperature the smaller the .clusters and the greater their number. It is a well-established fact that 
radiation hardening produced at cryogenic temperatures is very much greater than radiation 
hardening at room temperature which, in turn, is greater than that at more elevated temperatures. 

The clusters are formed by two major processes. One is by in-cascade condensation of point 
defects during the rapid cooling period immediately succeeding the creation of the hot, defect-rich 
displacement cascade. In this condensation process, many SIAs return to vacated lattice sites, 
annihilating an equal number of vacancies, some point defects are expelled from the cascade 
region, and many of the remaining like point defects agglomerate into clusters. Immediately 
following the condensation phase the surviving vacancies tend to be near the core of the cascade, 
and the SIAs are at the periphery of the cascade volume. Irradiation temperatures of interest to 
the present work, below 0.3T, have only minor effects on this condensation process. 

The other mechanism of cluster formation occurs in the bulk lattice .by migration and aggregation 
of freely-migrating point defects (fmpds) that avoided in-cascade recombination and clustering. 
During this process most of the finpds become absorbed at nearby sinks such as the clusters, 
which grow or shrink depending on whether the incoming fmpd is a like or unlike defect. Other 
fmpds are taken up at relatively widely-separated sinks such as dislocations, grain boundaries, and 
precipitate particles, or are annihilated by meeting with an unlike fmpd. The small remainder. 
forms new clusters. This migration phase is very strongly affected by irradiation temperature. 

In aluminum irradiated with neutrons whose spectra contain low energy neutrons, the 
transmutation-produced silicon constitutes another source of radiation hardening. Silicon is 
almost insoluble in aluminum at temperatures below about 200” C. In unalloyed aluminum, 
transmutation-produced silicon forms a precipitate phase of elemental silicon [14]. If free 
magnesium is available in solid solution, as in the 5000 series aluminum alloys, the silicon will 
react with the magnesium during irradiation to form Mg,Si precipitate [ 10-121. In aged 6000 
series alloys, which already contain thermally-induced Mg,Si phase, there is no free magnesium 
and the transmutation-produced silicon forms particles of elemental silicon which coexist with the 
Mg,Si precipitate [ 15,161. These precipitates harden the alloy. In any precipitation hardening 
system the degree of hardening caused by the precipitate phase is dependent on the volume 
fraction of the phase and on the size of the precipitate particles; the finer the precipitate the 
greater the hardening. Formation and growth of the precipitate particles requires migration and 
coalescence of the constituent atoms of the phase which are transported by a vacancy exchange 
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process. More vacancies are made available by increased temperature and by the point defects 
generated by atomic displacements. A harder neutron spectrum, which will give more vacancies 
than a soft neutron spectrum, will also induce coarser precipitates and less hardening per unit 
amount of precipitate phase. Hence, it can be expected from the irradiation standpoint that there 
might be an effect of irradiation spectrum. There is evidence that this deduction is valid for 
precipitate particles of transmutation-produced silicon in aluminum where it is seen that increases 
in strength tend to be larger with increasing ratio of thermal flux to fast flux [ 171, i.e. with a softer 
neutron spectrum. Because neutron irradiation hardening in aluminum at room temperature and 
higher temperatures entails both silicon production and considerable self-annealing of point 
defects, the degree of hardening often scales better with thermal neutron fluence (i.e. with 
transmutation-produced silicon) than with fast neutron fluence [ 16,191. 

6.2.1 Radiation Effects at Cryogenic Temperatures 
Radiation damage produced at cryogenic temperatures is very much more severe per unit 
displaced atom than at higher temperatures. That is, there are many more point defect clusters and 
more hardening. Increased concentrations of clusters at low temperature stems from a 
combination of two temperature-sensitive factors. One is the increased stability, or survival rate, 
of clusters. Cluster stability is governed by thermal evaporation of point defects from the clusters 
and the arrival of fmpds at the clusters. Low temperatures reduce evaporation rates and slow the 
ingress of fmpds. The other factor is an increase in the nucleation rate of point defect clusters . 
formed by bulk diffusion and agglomeration processes. This factor is dependent on the availability 
and transport of fmpds. The availability, or supersaturation, of fmpds is very much greater at 
lower temperatures. Although migration of fmpds decreases with decreasing temperature, there is 
still sufficient mobility, particularly for SIAs, to ensure copious nucleation of clusters. 

With regard to mobilities of f’inpds, the migration energies of an SIA and a vacancy are very 
different. In aluminum, the SIA has a migration energy of - 0.1 eV and the vacancy has a 
migration energy of about 0.65 eV [46]. Thus, SIAs can move at much lower temperatures than 
vacancies, or can move a lot farther at a given temperature. At a temperature of 20K, SIAs and 
vacancies are frozen. The clusters produced in a cold source vessel during irradiation at 20K will 
be predominantly those created at the cascades; there will be no bulk migration of point defects to I 
influence them and to create new clusters, and no thermal evaporation from them. Vacancies 
attain significant mobility at an homologous temperature above about 0.3 T,,,, i.e. near room 
temperature for aluminum. At lower temperatures between 20K and room temperature, the SIAs 
are the more mobile and they can recombine with isolated vacancies and vacancy clusters, 
reducing the population of vacancy clusters, and they can enhance the development of SIA 
clusters. Within this temperature range an increasing temperature weakens the thermal stability of 
clusters and many are lost by evaporation and shrinkage. Consequently, a great deal of so-called 
self annealing of radiation damage occurs in aluminum at temperatures between 20K and room 
temperature. Correspondingly,’ radiation hardening is reduced. 

For aluminum, a typical room temperature of 25°C represents a homologous temperature of 
0.32T,, where thermally-driven processes are active. Consequently, irradiations made on 
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aluminum at room temperature, or post-irradiation “anneals” performed at room temperature after 
irradiation at cryogenic temperatures, will allow substantial thermal recovery of the irradiation 
damage and will therefore leave relatively coarse displacement damage microstructures which 
contribute little to radiation hardening. This recovery is well documented, e.g. refs.[47,48], and 
further examples are illustrated in Figs, 12 and 13, compiled from refs. [49-5 11. Before digesting 
these two Figs. be aware that the pronounced irradiation effects described in them are due to 
clusters of point defects, not to silicon. For the 77K and 27K data the clusters were developed 
during irradiations made in liquid nitrogen and liquid neon with fission spectrum neutrons. Little 
or no transmutation-produced silicon was involved. The 300K irradiations were made in the HFIR 
core. At 300K, displacement damage is considerably self-annealed in aluminum. The small 
measured increase in strength at 300K is due primarily to silicon produced by the large fraction of 
thermal neutrons in the IIFIR core neutron spectrum. 

In Fig. 12, the tensile test curves for annealed aluminum irradiated and tested at three different 
temperatures are compared. Unfortunately, because of a paucity of data for cryogenic irradiations 
for a given material, it is necessary to represent each of the three temperatures in Fig. 12 with 
different materials, ranging from 99% purity (1100 Al) at room temperature through 99.5% (A5 
Al) at 77K to 99.99+% (super pure Al) at 27K. Since it is known that radiation strengthening 
diminishes with decreasing purity due to promotion of recombination of point defects by impurity 
atoms, this exaggerates the increases in strength with decreasing irradiation temperature in Fig. 12. 
The exaggeration is absent in Fig. 13 for the 77K and 27K plots where it is quite clear that 
radiation strengthening of originally cold worked A5 aluminum is much greater at 27K than at 
77K for otherwise identical conditions. This difference must be a result of greater retention of 
displacement damage at the lower irradiation temperature. Note, too, that this increased 
strengthening occurs despite the presence of cold work dislocations which should absorb many 
SIAs and thereby diminish the degree of radiation strengthening. The continuous increase in 
radiation strengthening with decrease in temperature seen in Figs. 12 and 13 implies that radiation 
hardening may be even larger at 20K than at the low of 27K in the Figs. 

The most disconcerting feature of Figs. 12 and 13 is the very considerable loss in elongation, 
especially at the lower temperatures. Even the normally very ductile super pure aluminum displays 
only a few percent elongation after a mild irradiation of 1 x 1O23 n.mb2 at 27K. The descriptive 
“mild” is used here in the sense that the dose of 1 x 1O23 n.mm2, E> 1MeV in Figs. 12 and 13, is 
equivalent to only five to six days exposure in the IIFIR cold source. A more reassuring feature 
of Figs. 12 and 13 is that much of the strengthening and loss in ductility induced by irradiation at 
cryogenic temperatures can be restored by returning the irradiated material to room temperature. 
Restoration is complete for a 60 h room temperature anneal in the cold worked A5 alloy, Fig. 13, 
but some ductility loss remains for the originally annealed A5 alloy, Fig. 12. Regrettably, the 
details of the restoration treatment for the formerly annealed alloy are not available. Presumably, 
it was similar to the room temperature anneal for the cold worked alloy. The more complete 
recovery of properties in the cold worked alloy is taken to be due to the high density of cold work 
dislocations which will provide more sinks for mopping up mobile point defects. 
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Fig. 12. Tensile Test Curves for Three Grades of Annealed, Unalloyed Aluminum Before and 
After Irradiation and Tesbg at Room Temperature and Cryogenic Temperatures f49-511. 
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Nothing is known about the nature and effects of transmutation-produced silicon created in an 
aluminum cold source vessel during irradiation at cryogenic temperatures. Some reasonable 
speculations can be made. First, the silicon atoms generated at 20K in the HFIR cold source will 
not form precipitate particles in the vessel wall during the irradiation. The silicon will be retained 
in atomic form; some will likely become complexed with point defects clusters created in the 
displacement cascades. The silicon atoms will supplement the low temperature radiation 
hardening but their contribution will likely be small compared to the gross hardening from the 
point defect clusters. Second, unlike the point defects, the silicon atoms will not anneq.out when 
the cold source is periodically allowed to warm up to room temperature. Rather, the &con will 
continue to accrue with irradiation exposure. It is estimated [ 181 that the maximum generation 
rate for silicon at the “h0ttest”par-t of the tip of the moderator vessel facing the reactor core will 
be approximately 0.7% Si per full power year (365 days at 100 MW). For a duty factor of 80%, 
the silicon production rate will be 0.56% per year. Third, during periodic room temperature 
anneals the silicon will probably form fine precipitates. As the temperature is raised from 20K and 
vacancies become mobile, they will assist the diffusion of silicon atoms. Transport distances will 
be short before the vacancies are annihilated, and the ensuing nucleation rate of silicon 
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precipitates will be high. This process will, in essence, be an accelerated natural aging process. 
The switch from solute hardening to precipitation hardening will exacerbate the hardening from 
the transmutation-produced silicon. The degree of hardening from this process is expected to be 
greater than that produced by the same amount of silicon during a normal thermal aging treatment 
or generated during a room temperature irradiation because more nucleation and less coarsening 
of the silicon precipitates will occur via the cryogenic irradiation-room temperature anneal route. 
In 5000 series alloys, this route can be expected to produce very fine Mg,Si precipitates. 
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Fig. 13. Tensile Test Curves for Two Grades of Cold Worked, Unalloyed Aluminum Before and 
After Irradiation and Testing at Room Temperature and Cryogenic Temperatures [49-5IJ. 

6.3 Tensile Properties of Neutron Irradiated 6061-T6 Aluminum 
Most aluminum components in reactors operate at temperatures in the range 40-200°C (0.33- 
0.5 lTJ, where the higher temperatures in the range are usually for me1 cladding. Therefore, 
neutron irradiation hardening of such components by point defect clusters is weak. For irradiation 
temperatures of about 60-125”C, pertinent to those expected for the HB-4 beam tube and the cold 
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source vacuum tube, there is a significant body of mechanical properties data for the 606 1 -T6 
alloy after substantial levels of neutron irradiation in contact with reactor coolant water in light ., I _. _.. -i. .- ,., “_. 1. ;e ;i . / I / jl.” i*L; ‘Zi‘” :~~x \II ;. :, 
water and heavy water reactors. The tensile properties of the irradiated alloy in the T6 and T6S 1 
conditions are shown as functions of thermal neutron fluence in Fig. 14, taken from ref. 24. The 
curves drawn through the data represent the observed upper boundaries for the ultimate tensile 
strength and the yield strength, and the lower boundaries for total and uniform elongations. The 
data points encompass results from irradiations in hard, and softened neutron spectra, which 
accounts for some of the 
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Fig. 14. Tensile Properties of 606I-T6 and 606I-T65I Aluminum Alloy After Neutron 
Irradiation at Temperatures dO”C< TIRR< I OO’C [24]. 

scatter in the data. Notable changes in strength and ductility do not occur until a thermal neutron 
fluence of about 1 x 10z5 n.m-’ is exceeded. At that fluence about 0.023% of transmutation- 
produced silicon is created which is responsible for the onset of strengthening. The associated fast 
fluence (EP 1MeV) is about 2 x 1 024 n.mS2. This level of fast fluence would cause considerable 
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hardening by atomic displacements in most higher melting point metals during irradiation at 65”C, 
but it has little effects in aluminum because the homologous temperature is high enough for 
substantial concurrent annealing of point defects. 

It has been reported that 6061-T6 type alloys can undergo softening during irradiation [52,53]. 
These reports conflict with extensive experience at ORNL and Brookhaven National Laboratory 
(BNL). Intensive investigations of the claims were conducted at ORNL by the present author, and 
no confirmation of them was found. It was deduced that the softening observed by the claimants 
may have resulted from inadvertent radiation heating of the specimens, which were irradiated in 
sealed cans. These conclusions were conveyed to the claimants and were later made public [54]. 
Subsequent experiments by the claimants under closer temperature control [55-571 did not 
reproduce the softening except when the irradiation temperature exceeded 200°C [55]. These 
conflicts emphasize the necessity of careful temperature control during irradiations of thermally 
unstable materials. 

The sparse information on effects of neutron irradiation at cryogenic temperatures on the tensile 
properties of 6061-T651 alloy [58] is shownin Fig.15. Tensile specimens cut from 6061-T651 
plate were irradiated in liquid nitrogen at 77K to several fast neutron doses (E>l MeV) up to 
about 1 ~10~~ n.mT2, and were tested at temperatures between 77K and room temperature. For 
tests made at 77K these modest fluences caused pronounced radiation-induced increases in yield 
strength and tensile strength, and large reductions in elongation values; the uniform elongation 
was reduced to about 1%. When the tests were conducted at room temperature there was 
complete recovery of properties to the m&-radiated values. 

6.4 Fracture Toughness 
The same experiments that produced the low temperature tensile properties for irradiated 6061- 
T65 1 alloy described above and shown in Fig. 15 also measured fracture toughness data, as seen 
in Fig, 16. Despite the significant effects of irradiation and cryogenic temperature on the tensile 
properties, there were little or no effects on fracture toughness. 

The fracture toughness data available for 606 l-T6 and -T65 1 alloys irradiated at temperatures 
between 60°C and 100°C [ 16, 421 are summarized in Fig. 17. The superscript numerals on the 
data points indicate the ratio of thermal neutron flux to fast neutron flux (E>O. 1 MeV), and are a 
measure of the softness of the neutron spectrum. After irradiation to thermal fluences of 1 ~10~~ 
n.m2 and 8 ~10~~ n.m2 in a fairly hard spectrum (thermal-to-fast flux ratio 2) the fracture 
toughness is not greatly altered. Irradiation to a thermal fluence of 4 x10” n.m2 in a much softer 
spectrum (ratio 20) reduces the toughness to about 25% of the u&radiated toughness [ 161. 
Corresponding tensile tests for this highly irradiated material show retention of about 6% 
elongation [ 161. 
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Fig. 15. Temperature Dependence of Tensile Properties of 6061-T6.5I Plate After Irradiation 
at 77K [58]. 
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Fig. 16. Temperature Dependence of Fracture Toughness of 606I-T65I Plate After Irradiation 
at 77K [58]. 
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Fig. 17. Fracture Toughness of 606I-Td and 6061-T65I After Neutron Irradiation at 
Temperatures 60”C~T,,~I00”C [16,42]. The superscripts are the ratios of thermal-to- fast 

neutron flux. The subscript w denotes welds. 

6.5 Swelling 
Swelling is an increase in volume of an irradiated material caused by accumulation and 
agglomeration of point defects and foreign atoms. It involves diffusion of atoms and vacancies 
and, therefore, usually requires homologous irradiation temperatures greater than 0.3 T,. One 
form of swelling is the formation of gas bubbles which arises from the accumulation of the 
transmutation-produced gases hydrogen and helium with vacancies. Another, is void swelling 
which results from the partitioning of vacancies and SIAs. Bubble swelling is more favored at 
temperatures > 0.5T, and is less common than void swelling. In aluminum, there is a third type of 

’ swelling due to precipitates of transmutation-produced silicon. The density of crystalline silicon is 
less than that for aluminum, 2.34 g.cm3 versus 2.70 g.cm3, and a given mass of silicon occupies 
more volume than the same mass of aluminum. Swelling data measured on various aluminum 
alloys irradiated at 55°C are presented in Fig. 18. These data are obtained from density 
measurements and they represent the combined effects of all forms of irradiation-induced 
swelling. The dashed line depicts the calculated swelling from precipitates of silicon only. The 
calculations assume the silicon to be crystalline. Examinations of the precipitates has shown them 
to be amorphous [ 151, which makes the line a little dubious. Compared to pure aluminum which 
swells readily, the 6061-T6 alloy has good resistance to void swelling at fast fluences up to 1 
~10~~ n.m2, E>l MeV. At lower fluences, voids are rarely found in the alloy, so the measured 
swelling below a fluence of 1 x10” n.m2, E>l MeV must be due to the silicon. 
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Void swelling will not occur in the cold source vessel during irradiation at cryogenic 
temperatures, nor is it likely to appear during periodic room temperature anneals. In the vessel, 
swelling will derive only from the silicon when it becomes agglomerated into precipitates during 
the anneals. Assuming it follows the calculated line, it will scale with the amount of transmutation- 
produced silicon at a rate of about 0.16% swelling per 1% silicon. The beam tube and vacuum 
tube will operate in the temperature range of about 55-125” C, and we can expect some void 
swelling in them at high doses; the overall swelling is expected to be no worse than the 
experimental data for the 6061-T6 alloy in Fig. 18. A component undergoing swelling will exert 
force on a constraining envelope. The moderator vessel is unconstrained, and no swelling stresses 
should develop there. The vacuum tube is wrapped by the unconstrained beam tube. Because the 
vacuum tube and beam tube are the same material exposed to the same irradiation conditions they 
should expand at the same rates during swelling, and no swelling stresses should occur. 

6.6 Creep and Stress Relaxation 
Creep is time-dependent plastic deformation occurring at stresses at or below the yield strength. 
It involves the movement of atoms (diffision creep) and/or the movement of dislocations by 
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absorbing or emitting atoms or vacancies (dislocation creep). Creep can distort a component and 
render it unfit for service. Continuous creep requires continuous application of stress. Stress 
relaxation is the easing of stress by the process of creep. Stress relaxation occurs when the stress 
can not be continuously maintained, such as in a one-time tightened bolt. These creep processes 
are thermally activated and they prevail at homologous temperatures above 0.3 T,, which means 
they can occur at room temperature in aluminum, albeit at high stresses in the vicinity of the yield 
stress. 

Under irradiation, creep can be accelerated because the instantaneous excesses of point defects 
created by the neutron fluxes increase the involvement of atoms and vacancies, causing significant 
creep at lower stresses and reducing the temperature for the onset of creep. The rates of 
radiation-accelerated creep are largest in the point defect transient regime at the beginning of 
irradiation where the point defect concentrations are building up prior to reaching a steady state 
equilibrium condition. 

Because radiation creep is driven by the excesses of point defects over the thermal equilibrium 
values, it tends to increase with decreasing temperature, contrary to thermal creep, but only at 
temperatures sufficient to ensure point defect mobility. In austenitic stainless steels, for which 
there is a great deal of data, irradiation creep prevails at homologous temperatures between 0.17 
and about 0.55 T, and normalized stresses (ratio of applied stress to the yield stress) between 
0.05 and 0.7. We would expect aluminum to display irradiation creep within similar temperature 
and stress boundaries as the stainless steel. But the data on irradiation creep in aluminum are 
sparse and conflicting. One experiment [59] conducted on pure aluminum in reactor at fluxes of 
1.3 x 1016 n.m-2.s-1 pl MeV) and 6.0 x 1016 n.m‘2.s-1 (E<leV) at 55°C (0’.35 TJ and a 
normalized stress of almost 0.8 for 990 h showed no irradiation enhancement of creep. Another 
in-reactor experiment [60] on pure aluminum loaded to a normalized stress of 0.5 and irradiated 
with neutron fluxes of 2.5 x 1015 n.m-2.s-’ (E>O. 1 MeV) and 1.4 x 1016 n.mm2.sm1 (total) for periods 
of 100-400 h at homologous temperatures in the range 0.36 to 0.5 1 displayed substantial 
irradiation creep with enhancement factors (ratio of irradiation creep rate to thermal creep rate) in 
the range 10 to 20. In contrast, experiments performed by the writer on tubular specimens of 
6061-T65 1 alloy internally pressurized to normalized hoop stresses of 0.2 to 0.4 and irradiated in 
the HFlR core at about 60°C (0.36 TJ in fluxes of 4.1 x 1018 n.ms2.sm1 (E>l MeV) and 2:2 x 101’ 
n.mb2.s-’ (thermal) for periods up to 85 days showed no signs of irradiation creep, nor thermal 
creep [6 l]. This lack of creep in the 6061-T6 alloy is puzzling. Experiments are underway to 
extend the tests to higher stresses. As things now stand, the evidence for irradiation-enhanced 
creep in aluminum is confusing and inconclusive. 

Creep tests made after irradiation, when the production of excess point defects has been turned 
off, should not show radiation enhanced creep, at least for irradiations made at temperatures 
where the point defects are mobile. Such post-irradiation creep should be more difficult because 
residual radiation hardening will raise the stresses required for thermal creep and will reduce the 
creep rates. That has been demonstrated [62] for 1100 and 6061 aluminum alloys irradiated to 
fast fluences of 0.5 to 7.3 x 1O26 n.ms2 (E>O.l MeV) and thermal fluences of 0.7 to 1.1 x 1027n.m-2 

* 

II 

n 

36 



t 

; 

(EcO.4 eV) at temperatures of 50 to 150°C in the Hj?IR core, then tested at 50 to 150°C ex- 
reactor. Stresses were chosen to induce failure in test periods of less then 1,000 h and, 
consequently, were high, more than 90% of the yield strength. For 606 1 -T6 alloy, irradiation 
caused about 35% increase in the stress for failure in a given time for specimens irradiated and 
tested at 5O”C, and a 10% to 20% increase.for specimens irradiated and tested at 150°C. Rupture 
ductilities were lowest at 15O”C, about 1% at 1,OOOh versus about 8% for the umrradiated 
material, and were coupled with a tendency for intergranular failure. 

6.7 Radiation Effects in 6061 Alloy Welds 
The welded region in a 6061-T6 alloy is similar in microstructure to annealed 6061, with the 
addition of a little silicon or magnesium from the weld.filler alloy. Studies of annealed 6061 alloy 
[20] and of welds in 6061-T6 alloy [42] neutron irradiated at 60-90°C have revealed no 
deleterious discriminatory effects of irradiation on the annealed or welded material; the changes in 
tensile properties and fracture toughness after irradiation are comparable to those in 6061-T6 
material. Studies of the effects of irradiation at cryogenic temperatures on welds are meager [63, 
641. They involved longitudinal and transverse welds made in sheet [63] and in 0.25 in.(6 mm) 
plate [64] with 4043 Al filler then given a full T6 heat treatment prior to irradiation. Before 
irradiation, tensile yield strengths and ultimate strengths of the heat-treated welds were similar to 
unwelded T6 alloy; elongations were 6-9%. Specimens were irradiated to a fast neutron dose of 5 
x 102’ n.m-’ , PlMeV, at 2OK, and tested at 20K [63], or were irradiated to a similar dose at 
77K and 20K [64] and tested at the irradiation temperatures. The as-irradiated yield and ultimate 
strengths were marginally increased; the elongations were raised to 10-l 1%. Fracture toughness 
data for welds after modest irradiation exposure are displayed in Fig. 17, where the w subscripts 
denote weldments made by the tungsten inert gas (TIG) process with 4043 Al filler metal. The 
unirradiated welded specimens in Fig. 17 have higher fracture toughness values than the parent T6 
metal because of softening during welding. After irradiation, the toughness of the welds is the 
same as the toughness of the irradiated, unwelded parent metal. 

These are encouraging results, and taken together with the findings reported in Section 4.4 
showing that properties of welds in unirradiated 6061-T6 alloy are no more adversely affected by 
cryogenic temperatures than the properties of the parent metal, they might be read as an indication 
that radiation effects in welds at cryogenic temperatures are likely to be no worse than radiation 
effects in the parent material. However, in view of the variable quality of welds and the low levels 
of neutron exposure in [63] and [64], such a deduction would probably be optimistic. A more 
conservative conclusion would be that a weld in a 6061-T6-moderator vessel (or a weld in a 
cryogenic moderator vessel of ClyEy material) must be regarded as potentially the weakest link in 
the system. 

7.0 Recommendations Regarding Material Quality, Procurement, and Component 
Fabrication 
To simplify purchasing, certification,, quality assurance, archiving and documentation, it is 
recommended that all the in-reactor components of the cold source be made from the same heat 
or billet of 606 1 -T6 alloy. Any high quality, documented heat from a reputable manufacturer 
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might be suitable. But, as outlined below, a specialty product might be better. 

Cylindrical billets used for producing tubular hollow ware are fabricated from cast ingots by 
forging, extruding, or rolling. All cast ingots contain inclusions and segregated impurities which 
become extended into discontinuous stringers lying in the long axis of the billets during fabrication 
of the billets. In poor quality materials such stringers can be lines of weakness in the material and 
potentialcorrosion sites. Normally, the domed HFIR beam tubes are machined from solid 
cylindrical billets in the fully heat treated condition. Stringers located in the tips of the 
hemispherical sections of the tubes will run perpendicularly through the wall thickness. Since the 
stringers are discontinuous and the wall is relatively thick it is unlikely the stringers will create 
continuous paths through the wall: But some components of the cold neutron source will have 
walls that are only a few millimeters thick, and in these cases the presence of stringers may cause 
heightened concern. To minimize the presence of stringers and to reduce the possibility they will 
traverse the wall, one or both of two options should be considered. One option is to invest in a 
custom-made heat with low inclusion levels. The other option is to use blocks of 606 1 Al shaped 
by forging in multiple directions to break up the stringers, or cupped billets in which the 
directionality of the stringers is made to follow the contours of the cup. Cupping processes may 
require custom tooling which could be prohibitively expensive for making just a few components. 

8.0 Anticipated Component Performance 
In this Section we consider the expected impact of the cold source operating conditions on the 
likely performance of the 6061-T6 components of the source, and of conditions and mitigating 
measures that should prolong the useful lifetime of the source. We begin by describing what we 
have learned from the existing HB-4 beam tube. 

/ 

8.1 The Current HB-4 Beam Tube 
The HB-4 beam tube is located within the large beryllium reflector surrounding the reactor core. 
The existing HB-4 beam tube, which will be replaced by the new, integrated beam tube-cold 
source assembly, is approximately 102 mm internal diameter with a 9.5 mm thick’wall and a 
hemispherical end. The domed end of the tube terminates in the beryllium reflector surrounding 
the reactor core. The other, open, end of the tube passes through a flanged nozzle in the reactor 
pressure vessel to the reactor pool shielding wall where it is mechanically coupled to an extension 
tube leading through the shielding to the beam hall. The domed end and the portion of the tube 
wall within the beryllium reflector are machined as a unit from a solid block of 606 l-T6 alloy. The 
exterior surface of the tube has 24 parallel grooves milled longitudinally into it for the passage of 
cooling water. A close-fitting jacket of 6061-T6 alloy covers the grooves to direct the cooling 
water along the grooves. The jacket is open at the domed end of the beam tube where it accepts 
an influx of high pressure reactor coolant water at an inlet temperature of 45°C. After conduction 
along the grooves, the coolant is discharged into the low-pressure water region below the reactor 
core. With this cooling system the temperature of the tube remains between 45°C and about 65°C. 

The present 6061-T6 beam tubes have given exemplary service, beyond their original call of duty. 
At the time of the last change-out of the beryllium reflector in June 1975, the present beam tubes 
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had seen an in-reactor life of more than 270,000 MWD. Previously-retired beam tubes at this 
stage in their lives had shown no outward signs of deterioration. After deliberation it was decided 
to reinstall the used beam tubes and extend their service through another beryllium reflector life 
cycle. They were retired in October 2000, at which they had served for 549,340 MWD [64], a 
very praiseworthy achievement. About half of that exposure was at 100 MW full power, the 
remainder at 85 MW, so the exposure period is the equivalent of more than 16 effective full 
power years over a span of 25 calendar years. From spectrum and flux data at the tip of the B-4 
tube [65] it is estimated that at 550,000 MWD the neutron fluences at the tip were about 2.9 x 
1O27 n.m2, thermal, and about 7.6 x 1O25 n.m2, E >lMeV. From these values it is expected that the 
tensile properties of the irradiated tube will correspond with those at the far right hand end of the 
data in Fig. 14. With regard to remnant fracture toughness, the data presented in Fig. 16 offer some 
guidance. The ratio of thermal flux to the fast flux greater than 0.1 MeV for the B-4 tube tip is 
about 14 and the thermal neutron fluence is 2.9 x 10” n.m2. So, judging from Fig. 16, the fracture 
toughness of the tube tip will prob,ably be close to 10 MPav’m, about one-third of the unirradiated 
toughness. 

During visual examinations, no signs of corrosion or erosion have been seen in any of the HFIR 
beam tubes, neither the current ones nor prior tubes. And no distortion has been found, signifying 
no swelling or creep. 

8.2 The New HB-4 Beam Tube 
To house the cold source, the new HB-4 tube will be modified a little with respect to the present 
tube. It will be a little larger, about 124 mm ID with a wall thickness of 12.7 mm, but will 
otherwise have the same design and cooling features as the old tube. There will be no welds in it. 

The neutron spectrum and fluxes on the new beam tube will not be much different from those on 
the old tube, perhaps 3% or so higher fluxes due to the larger diameter of the tube and to a minor 
relocation of the beam tube tip. The neutron spectrum at the tube will be softened a little by the 
presence of the moderator which will affect principally the thermal energy part of the spectrum, 
giving a larger fraction of the really slow neutrons. 

The major difference in operating conditions from those on the old beam tube will be a higher 
temperature of about 125°C at the inner surface of the tube in the peak flux region. This higher 
temperature is due to the presence of the vacuum tube which is in firm contact with the beam 
tube. The net stresses on the beam tube will be radially compressive due to the high pressure 
water coolant, and of modest values. The radially compressive nature of the stresses will inhibit 
creep, 

These small differences in irradiation conditions from the existing beam tube conditions are 
believed to be unlikely to have any serious consequences for radiation effects on the tube. The 
intended service lifetime of the new tube will be 8-12 years, ‘depending on duty factor. At a 100% 
factor and 12 year life, the tube will experience a maximum exposure of about 435,000 MWD. 
Since this is much less than the.,exposure tolerated without difficulty by the most recent HB-4 
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tube, it is anticipated that the new beam tube will give equally good trouble-free performance. 

8.3 The Vacuum Tube 
The vacuum vessel will have a wall thickness of 5.6 mm. It will be shrink fitted into the beam tube 
to ensure good and permanent thermal contact with the beam tube. Its operating conditions of 
flux, fluence, and temperature should be essentially the same as those for the inside surface of the 
beam tube, as described in 8.2. The net stresses on the vacuum tube will be radially compressive, 
and should not cause creep. The conclusions drawn above in item 8.2 for the expected 
performance of the new beam tube should apply equally to the vacuum tube. 

8.4 The Moderator Vessel 
The moderator vessel, Fig. 2, looks like a cylindrical twin-necked gourd. It is designed to ensure 
that flowing hydrogen at high speed is swept continuously over all surfaces of the vessel, 
preventing the formation of hot spots. Preferably, the vessel should be seamless. Unfortunately, 
no technology exists to produce such a vessel in 6061-T6 alloy to ASME code recommendations. 
So the vessel has to be fabricated from two parts utilizing a girth weld around the cylindrical 
portion. The two parts are an outer hemispherical cup and an inner, saddle-shaped piece with two 
pommels which are actually protruding pipe stems to connect to the LH, ingress and egress pipes. 
Both parts were electro-discharge machined from solid, forged blocks of 6061-T6 aluminum, and 
have already been welded together, as described below in Section 8.4.1. The hemispherical base 
of the cup portion is 100 mm diameter. The saddle portion is aligned axially with the cup portion, 
and the peak of the saddle is located a distance of 50 mm from the inside center of the cup to 
form the main moderator region of the vessel. The overall length of .the vessel from the outer 
dome to the base of the pipe stems is 154 mm. The wall thicknesses vary from 1 mm in the 
hemispherical base to 3 mm in the saddle. The cylindrical part of the wall is 2 mm thick. The 
vessel poses three concerns for consideration herein; the girth weld; cryogenic radiation effects; 
and a periodic vessel annealing program. 

8.4.1 The Girth Weld 
The weld in the moderator vessel must satisfy three conditions before the vessel goes into service. 
It must be leak tight, it must have acceptable strength, and it should not cause any irregularities on 
the inside surface of the vessel that would perturb the smooth flow of the hydrogen moderator. 
To meet these requirements, the vessel has been fabricated with the weld joint design illustrated in 
Fig. 19. The design consists of a rabbeted butt joint fused with an electron beam weld. Electron 
beam welding allows accurate control of the weld penetration depth and width, and avoids the 
variations in quality inherent in manual welds. The rabbeted joint allows the two parts to be 
mechanically aligned in perfect agreement before welding, thereby avoiding a step at the inside 
surface due to misalignment. As outlined in Section 4.4, a filler of 4043 Al is used during welding 
to minimize the occurrence of shrinkage porosity and cracks in the weld. To deliver .a controlled 
quantity of filler metal and to ensure that it is uniformly distributed throughout the weld, it was 
incorporated as a shim piece 0.375 mm thick sandwiched between the two large faces of the 
rabbet joint during the weld set up. Formation of a trench or ridge on the inside surface of the 
vessel at the bottom of the weld was avoided by restricting the penetration depth to 80-90% of 
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the vessel thickness at the joint. The strength of the weld is expected to be less than the base 
material due to loss of the T6 temper and to the partial penetration, and also due to the presence 
of an internal notch formed by the unpenetrated portion of the seam. To partially compensate for 
these reductions, the butt regions of the two parts was machined with a thickness 25% greater 
than that of the vessel wall. The extra thickness forms a belt on the outer surface of the vessel, 
with the weld at its center. 

ORNL 99.05631A/trh 
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Fig. 19. Sketch of Rabbeted Joint for the Vessel Girth Weld. 

Obtaining a satisfactory weld is crucial to the successfY,implementation of the cold source, and a 
program to determine satisfactory weld conditions and properties for the particular geometry of 
the vessel girth weld was instituted. The welding parameters were established by trial and error on 
test pieces of 606 l-T6 alloy pipe of prototypical size, thickness, and joint design. Post-weld tests 
on these trial pieces have verified acceptable leak tightness and mechanical properties. One of the 
welded test pipes was sealed with end plates and was subjected to an internal pressure of water at 
room temperature until it failed. It swelled and burst at a pressure of 170 bar. The fracture 
occurred longitudinally in a ductile manner in the base pipe. The weld remained intact and 
relatively undeformed except for a small tear where the primary fracture encountered it. Based on 
these favorable results, the moderator vessel has been welded. It has been proof tested to 28 bar 
at room temperature and in liquid nitrogen, and has passed leak tests at both temperatures. In 
service, its operating pressure will be 14-15 bar, and the rupture disk for the hydrogen system will 
be set at 18 bar. 

’ 

8.4.2 Radiation Effects in the Moderator Vessel 
From the discussion of effects of irradiation temperature in Section 6, it is expected that radiation- 
induced changes in mechanical properties of the 606 1 -T6 alloy moderator vessel will be large at 
the service temperature of 2OK, and will arise primarily from fast neutron damage. The fast 
neutron exposures at cryogenic temperatures for the 6061 alloys described in Sections 6.3 and 6.4 
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and Figs. 15 and 17 reach to only 1 x 1023n.m=L and are small in comparison to the exposure the 
HFJR moderator vessel is expected to tolerate. At most, they are the ‘equivalent of a half hour to 
five days in the neutron field of the vessel. At the portion of the moderator vessel tip facing the 
reactor core, the neutron fluxes for 100 MW reactor power are estimated [ 181 to be 5.7 x 1 Or7 
n.mm2.sm1 (E > 0.1 MeV) and 6.6 x 10” n.mm2.s-’ (thermal). Assuming the fast flux with E >l MeV 
to be half of the flux with E >O. 1 MeV, the fluence of neutrons with energies >1 MeV after 8 
years service at 80% duty factor will be about 6 x 1O25 n.me2. However, the accumulation of this 
fluence will include frequent pauses to change the reactor fuel, during which action will be taken 
to reduce or remove the point defects accumulated in the vessel walls by performing anneals on 
the vessel at near room temperature. Therefore, much of the radiation-induced changes in 
mechanical properties will be relieved, too. Nonetheless, an uninterrupted fuel cycle will last 23 
days during which the fast neutron fluence on the vessel will reach about 6 x 1O23 n.mW2 (Dl 
Mev). This is six times higher than the highest fluence in Figs. 15 and 17, and the irradiation 
temperature will be 20K, which means we can certainly assume that the changes in mechanical 
properties of the vessel at 20K will be significantly greater than those in Figs. 15 and 17. It would 
be prudent to accept that the vessel will be greatly strengthened but will have no ductility at 20K 
at the end of a me1 cycle. As discussed earlier under Section 6.7, no exceptional radiation effects 
are envisaged for the girth weld, but prudence dictates that we should consider it as the most 
likely location for problems. 

The vessel is pressurized internally, which imposes a tensile hoop stress on the vessel walls and 
invokes the question of creep. The highest stress is expected to be 55 l&Pa, This stress is well 
below the yield strength of 275 MPa or more at temperatures below 125”C, so there will be no 
significant thermal creep. For most of its life the vessel will be at a temperature of 20K (-253°C) . 
at which there will be neither thermal creep nor radiation-assisted creep. The greatest potential for 
occurrence of creep is expected to be during the rising temperature transient when the vessel is 
undergoing a scheduled room temperature anneal to relieve radiation damage. At this stage, the 
reactor will be off and generation of point defects will have ceased. But the excess point defects 
stored in the vessel wall will be mobile for a while until they are erased, and during their short 
period of movement they might, perhaps, cause a spurt of creep. This creep, if it occurred, would 
be akin to radiation-assisted creep, for which, as we have seen in Section 6.6, there is no reliable 
guidance to the degree of creep. Two factors mitigate the potential for significant creep ensuing 
from this recovery phase. One factor is the strong likelihood that many of the stored f?npds will be 
annihilated by mutual recombination and will not be available to participate in creep. The other 
factor is the short duration of the elimination processes, only a day or so. So the possibility of 
substantial creep during the recovery anneal is probably small. The girth weld, being the softest 
part of the vessel, will be the most susceptible to creep but is only a narrow region and is 
constrained by the stronger unwelded portions of the vessel. 

. 

Radiation effects on mechanical properties of the vessel due to silicon generated from low energy 
neutrons are expected to be small compared to the effects of fast neutrons in the early life time of 
the vessel, but will accumulate with exposure time regardless of the periodic anneals, as discussed 
below. 
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8.4.3 Periodic In-Situ Anneals of the Vessel 
If the moderator vessel and its ingress and outlet pipes were maintained permanently at a 
temperature .of 20K during the life of the cold source the radiation displacement damage described 
in Item 6.2.1, and its associated stored energy, would continue to accrue over the lifetime of the 
vessel. Nobody has attempted to determine experimentally the consequences of unlimited damage 
accrual at cryogenic temperature, but one obvious possibility is a sudden, uncontrollable release of 
the stored energy, possibly with undesirable effects on the integrity of the moderator vessel. The 
usual way of handling this issue is to play it safe by incorporating a controlled relief process at 
prescribed intervals. 

? 
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The operating procedure for the HFIR cold source will include periodic anneals of the moderator 
vessel at near room temperature to release stored point defects. Because the vessel is aluminum 
and not some higher melting point material, this moderate temperature anneal will be sufficient to 
eliminate the point defects, as described in Sections 6.2.1 and’6.3. It will also partially restore the 
unirradiated mechanical properties of the vessel. No harmful effects have been reported from such 
anneals, and they are used routinely in other cold neutron sources. For the HFIR cold source, the 
anneals will be performed during fuel changes and will be accomplished by allowing the 
moderator in the vessel to warm up for a day or so. Full restoration of properties may not be 
achieved because transmutation-produced silicon will be retained, and it will cause some 
hardening as described in Section 6.2.1. The amount of hardening retained from the silicon during 
the anneal will be small compared to the displacement damage hardening at low temperature. But 
it will continue to build up fi-om one fuel cycle to another, and its long-term consequences to the 
properties of the vessel material other than hardening are not known. We have considered 
combating this accumulative hardening process by introducing high temperature anneals at 
intervals to induce coarsening of the silicon precipitate. Annealing experiments with solution- 
treated-and-quenched Al-S1 alloys [66,67] and neutron irradiated aluminum [68] have shown that 
temperatures of 200°C or higher are required to ensure the appropriate coarsening in short times. 
A temperature of 200°C could be achieved from decay heat by reducing the hydrogen flow rate or 
the degree of refrigerator cooling. Fig. 4 shows that a 200°C treatment for a few hours or so 
would not seriously jeopardize the T6 temper condition of 6061 alloy. However, temperatures 
above 200°C would weaken the alloy. Such high temperatures would also introduce heavy 
precipitation of the transmutant silicon on grain boundaries, raising the prospect of grain 
boundary weakening and corrosion. Since movement of silicon atoms must occur to cause 
coarsening, some degree of grain boundary segregation of silicon can be expected even at 200°C. 
It is known that when tensile tests are performed on heavily neutron irradiated aluminum at 
temperatures above 150°C the fracture mode becomes intergranular. For the inaccessible 
irradiated cold source vessel there would be no way to ascertain the effectiveness of a 200°C 
annealing treatment, to show that it is doing more good than harm. Nor would there be direct 
instrumentation in the vessel itself to measure and control the temperature at 2OO’C. Thus, this 
route can not be recommended at this time. 

No alternative relief strategy for the accumulating silicon is obvious. The French do not perform 
high temperature anneals on their A5 aluminum cold source vessel in the Reacteur Haut Flux at 
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Saclay, which has the highest irradiation exposure of any existing cold source. It receives periodic 
room temperature anneals to relieve the point defect damage but no special treatment to defray 
the effects of the silicon. The French have decided to live with the accumulated silicon and accept 
its consequences. Their vessel has operated without mishap. It seems that the French laissez-faire 
philosophy towards the accumulating silicon may be the most practical one to adopt for the HFIR 
cold source. 

8.5 The H, Lines 
The supercritical hydrogen gas moderator is conducted to and from the moderator vessel by inlet 
and outlet pipes of 6061-T6 alloy, one located at 9 o’clock and the other at 3 o’clock positions 
close to the inside surface of the vacuum tube. The pipes are 14.3 mm OD and have 0.8 mm thick 
walls. Hangers and spacers keep the pipes in fixed positions and bear their weight. The pipes are 
welded to the integral pipe stems on the vessel, and the vessel is supported as a cantilever by the 
pipes. The nearest support hanger for the pipes is positioned about 630 mm from the girth band of 
the moderator vessel; the next is at 863 mm. 

With regard to the welds connecting the pipes to the moderator vessel, there will not be a 
continuous line of sight to permit electron beam welding. So the welds will be TIG welded 
manually. The wall thickness at the abutments will be locally thickened to 1.6 mm, and a 4043 Al 
filler wire will be used: The extra thickness will counter the loss in strength at the weld. 

Concerning radiation effects on the H, lines, the lines will receive less irradiation exposure than 
the high flux tip of the moderator vessel, and the exposure will decrease considerably along the 
length of the lines towards the reactor periphery. Nevertheless they will become irradiation 
hardened for some considerable distance along their length. Estimated fast neutron fluxes [69] at 
the 630 mm pipe hanger and the 863 mm hanger locations are 1.1 x 1017 n.m2.sm1 and 1.2 x 1015 
n.m-2.s-‘, E > 1 MeV. The fast neutron fluences accumulated at these locations during a 23 day 
fuel cycle will be 2.2 x 1O23 n.mm2 and 2.4 x 102’ n.mm2. From Figs. 15 and 17 and the foregoing 
discussion of cryogenic irradiation effects, it is evident that these fluences will cause significant 
hardening and loss of ductility in the 6061-T6 pipes. During the regular anneals of the moderator 
vessel at each fuel change the radiation damage in the pipes will be partially annealed, too. 

The cantilevered nature of support for the vessel by the H, lines raise some questions with regard 
to sagging and fatigue in the H2 lines, particularly at the welds and the first hanger strap. The 
natural vibrational frequency is estimated to be about 9 Hz.[70], and the stresses generated by the 
effective 566g weight of the moderator vessel and its contents are only about 14.5 Mpa. This 
stress level is well below the fatigue limit for unirradiated 606 1 -T6 shown in Fig. 9. To prevent 
sagging, which would allow the cold vessel to come into contact with the warm vacuum tube, 
three short, pointed stand-off ridges are machined onto the surface of the moderator vessel at 
2:00, 6:00, and 10:00 o’clock positions. The 6:00 o’clock ridge is designed to just make line 
contact with the vacuum tube. The other two ridges have a clearance of 1 mm. 
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